Abstract Optical transparency, or water clarity, is a fundamental property of lake ecosystems which influences a wide range of physical, chemical and biological variables and processes. The establishment of non-native dreissenid mussels in lake and river ecosystems across North America and Europe has been associated with often dramatic, but highly variable, increases in water clarity. The objective of this study was to develop a predictive model for water clarity (Secchi depth, m) in lakes following the establishment of dreissenids. We compiled water clarity data before and after dreissenid invasion from North American lakes that varied in size and nutrient status. An AIC model averaging approach was used to generate post-invasion water clarity predictions based on pre-invasion water clarity and lake morphometric characteristics from a 53 lake dataset. The accuracy of the model was verified using cross-validation. We then extended this model to existing empirical models of lake mixing depth and Walleye (Sander vitreus) yield, to demonstrate that increased water clarity associated with dreissenid invasion may have far-reaching physical and ecological consequences in lakes, including deeper thermoclines and context-dependent changes in fish yields.
Introduction
Optical transparency, or water clarity, is one of the most widely reported indicators of ecosystem condition for freshwater ecosystems and is considered a state variable, defining the vertical distribution where short wave radiation is absorbed and long wave radiation is emitted and stored as heat. Variations in optical transparency can drive changes in surface temperature, heat budgets, and thermocline depth and stability in small lakes (\500 ha; Mazumder et al. 1990; Fee et al. 1996) . A similar, but more variable effect is seen in large lakes, where wind and Coriolis effects are increasingly important in determining thermocline depth and the importance of DOC diminishes . Water clarity is of direct importance to biota: defining the depth to which potentially damaging UV radiation penetrates and the maximum depth at which photosynthesis can occur (Kirk 1994) , determining how primary and secondary production is partitioned between benthic and pelagic energy pathways, especially in small and shallow lakes that are prone to regime shifts (Mazumder et al. 1990; Vadeboncoeur et al. 2008; Higgins et al. 2014) , and influencing predation and reproduction for fish populations that use visual cues (Ryder 1977) . Changes in the concentration of suspended particles through the process of eutrophication or the grazing action of herbivores (like dreissenids) can have a large effect on water clarity and lake mixing depths.
The translocation and establishment of Dreissena polymorpha (zebra mussel) and D. rostriformis bugensis (quagga mussel) across Eurasia and North America has been associated with often dramatic, but highly variable, changes in suspended particle concentrations and water clarity (Higgins and Vander Zanden 2010) . Such changes are associated with two processes: a 'fast' (minutes to days) process where high dreissenid densities and filtration rates directly reduce particle concentrations and improve water clarity, and a 'slow' (months to years) process where nutrients are redistributed from the pelagic zone to the littoral zone, and eventually buried within the sediments, further reducing pelagic plankton growth and biomass but increasing nearshore production (Hecky et al. 2004 ). This redistribution of energy and matter affects a variety of physical, chemical and biological properties, including water clarity, that are sustained for decades or longer (Higgins 2013) . Effects of dreissenid induced changes in water clarity on aquatic ecosystems may induce changes in physical processes such as mixing depth Yu and Culver 2000) and can alter patterns of habitat use and energetics of fishes (Rennie et al. 2009 (Rennie et al. , 2012 (Rennie et al. , 2013 (Rennie et al. , 2015 .
The effect of dreissenids on water clarity is a function of their filtration rate, ecosystem size, hydrodynamics (i.e. horizontal and vertical mixing), particle renewal rates and other factors such as sediment resuspension (Strayer et al. 1999; Vanderploeg et al. 2002) . However, because dreissenid population densities at the ecosystem scale are not routinely estimated and hydrodynamics of most systems are poorly understood, it has remained challenging to develop robust mechanistic models including all of these important parameters and processes. However, in the absence of more complex mechanistic models, the development of statistical-based models that incorporate at least some of the important mechanisms would be useful to understand how the establishment of dreissenids might influence a wide range of physical, chemical, and biological processes in water bodies at high risk of invasion. For example, such models could be used to predict changes in thermocline depth, stability and heat content, photosynthesis (Higgins et al. 2014) , and could be combined with fisheries models (Lester et al. 2004 ) to estimate potential changes in yield as a consequence of dreissenid invasion.
The primary objective of our study was to define a predictive model for water clarity (as Secchi depth, m) following dreissenid invasion based on commonly available limnological parameters that are likely to be included in most monitoring programs. As a secondary objective we apply the predictive water clarity model to existing limnological and fisheries models to demonstrate the value in extending our model to describe the potential for dreissenids to influence physical lake processes and biota. Walleye (Sander vitreus) production models were used as this species is among the most sought-after commercial and recreational species in North America (Kinnunen 2003; Fisheries and Oceans Canada 2010) , and has been shown to exhibit light sensitivity (Lester et al. 2004 ).
Methods

Data compilation
Data were compiled from various sources including the Environmental Protection Agency (EPA) Storet database, Cornell University Knowledge Network for Biocomplexity (KNB) database, Minnesota Pollution Control Agency (MPCA), the Michigan and Wisconsin Departments of Natural Resources, Ontario Ministry of the Environment and Climate Change (OMOECC), the Ontario Ministry of Natural Resources and Forestry (OMNRF) and the scientific literature. Grand mean values for some Great Lakes and other freshwater lakes were obtained from published literature on dreissenid effects on water clarity (Higgins and Vander Zanden 2010) . All data came from mid-continental North America (Iowa, Michigan, Minnesota, New York, Vermont, Wisconsin, and Ontario) and covered a wide range of lake morphometric characteristics (Table 1) . Dates of invasion are based on those listed on the USGS website (http://nas.er.usgs.gov/taxgroup/mollusks/ zebramussel/) for American lakes and on published invasion dates for Canadian lakes, which were crossreferenced with peer reviewed literature where available. Though over 600 freshwater lakes were identified as being invaded by dreissenids (Benson 2013 ), a total of 62 North American lakes were found with sufficient data to permit an analysis of water clarity in lakes invaded by dreissenids (''Appendix 1'').
Data were constrained to include Secchi depth measured during the ice-free period at multiple pelagic sampling stations in a lake. Following the methodology of similar analyses (Higgins and Vander Zanden 2010; Higgins et al. 2011; Cha et al. 2013 ) data had to conform to the following criteria to be included: (1) data were available for both the pre-and post-invasion periods, (2) pre-invasion data were from up to 15 years before invasion and post-invasion data within 25 years since invasion, (3) individual data points were within ±2 standard deviations (SD) from annual mean value (to avoid the influence of outlier values), (4) data were from the summer ''ice-free'' season (April-November) and (5) data were from stations chosen to represent a central location in the lake, or, where data were available, by averaging across multiple stations. Lakes with more than three data points per year were included when calculating annual mean and SD values, and lakes with at least three annual mean data points in both the pre-and postinvasion periods were included when calculating grand mean and SD values.
For lakes that did not have reported thermocline depths or available temperature profile data, thermocline presence and depth was estimated from lake surface area using the equations of Hanna (1990) . Equations in Hanna (1990) can over predict mixing depth for very large temperate lakes because they do not account for the Coriolis effect so maximum mixing depth was set to 20 m for temperate lakes with surface area[4000 ha that had no reported thermocline depth. Lakes with greater than 80 % of lake area above mixing depth were defined as ''mixed'', and those with \80 % were defined as ''stratified'' (sensu Higgins and Vander Zanden 2010) .
Statistical analysis
Observed patterns of water clarity changes after dreissenid invasion were examined in 62 lakes and compared graphically against a 1:1 line representing no change, and a paired t test to evaluate change among lakes, We also evaluated the potential effects of the dreissenid community present in a lake (zebra mussels only versus zebra and quagga mussels together) in order to determine whether this played a significant role in our results. The comparison was evaluated using a two sample t test (with a Welch correction on the degrees of freedom to account for differences in variance between groups). Residuals were examined to ensure the satisfaction of assumptions of homogeneous variance and normality. All statistical procedures were carried out using R (version 2.15.2, R Development Core Team 2012).
Standardized Z-scores were used to graphically display long-term Secchi depth changes in a subset of lakes where raw data over multiple years were available (n = 42, see ''Appendix 1''). As in Higgins (2013) , mean annual parameter values for each year's growing season (April-November) were used to calculate the pre-and post-dreissenid invasion period grand means. Z-scores were calculated as:
where l A is the post-invasion annual mean, l Pre is the pre-invasion grand mean, and SD Pre is the preinvasion grand standard deviation. Model development and selection Biologically meaningful parameters were chosen to be included in models and various combinations of these parameters were investigated using model selection criteria (Burnham and Anderson 2002) . We evaluated models to predict Secchi depth in lakes invaded by dreissenids as a function of pre-invasion Secchi depth, lake size and mean depth, and pre-invasion thermal stratification. While dreissenid densities in most invaded ecosystems are not known, previous metaanalyses have demonstrated that the magnitude of dreissenid impacts on particle concentrations generally decline with increases in the volume of the surface mixed layer (Higgins et al. 2011 ), and we include such variables within our model evaluation process. The model parameters examined were deemed biologically relevant based on their interaction with dreissenids reported in previous research (Cha et al. 2013; Higgins and Vander Zanden 2010) and the contribution of other factors such as lake size and mean depth in dictating water clarity . However, the inclusion of mean depth as a variable reduced the number of lakes in our model selection exercise from 62 to 53. The relationship, which would be traditionally fit with a log-log transformation, was described with a multiplicative generalized linear model (GLM) to avoid issues in back-transformation in the interpretation and application of the model. In a GLM, the response variable remains untransformed. When the variables in the linear predictor are log transformed, the GLM's log-link defines a multiplicative model between the response and the predictors. The expected value of ''y'' is calculated from the linear predictor through the inverse link function; in the case of the loglink this is exponentiation. For a single predictor, the model fit for the mean response of our GLM would be:
which simplifies to:
The coefficients a and b are estimated using likelihood-based methods in the GLM. See Zuur et al. (2013) for additional details on the use of GLM's in ecological analysis. Akaike's Information Criterion (AIC) was used to determine which models best described Secchi depth following dreissenid invasion. Models were compared using the second-order Akaike's Information Criterion for smaller sample sizes (AIC c , Burnham and Anderson 2002) . Measures used to determine strength of evidence for each model include DAIC c (the difference between the AIC for model i and AIC of the ''best'' model) and Akaike weights (wAIC c ). DAIC c values \2 indicates empirical support for the model (Anderson 2008 ) and the wAIC c of each model indicates the probability that it is the best model among the set (Burnham and Anderson 2002) . The model which produced the smallest AIC value (AIC min ) was determined to be the ''best'' model (Akaike 1973) . In cases where no model has overwhelming support, AIC model averaging is used where individual model parameter estimates (of postinvasion water clarity, in this case) are generated and weighted based on their wAIC c , then are summed to generate a single model-averaged estimate across all models. Models with a DAIC c \ 7 (which is a common threshold in wildlife literature for similarity among models, Arnold 2010) were chosen as having similar explanatory power from in the model selection process, as the remaining models with varying parameter combinations contributed relatively little to the model averaging process (i.e. wAIC c values too low to make any meaningful additional contribution of explained variance relative to the top four models).
The null model, which consists of only the intercept and no predictor variables, was included in model comparisons as an indicator of the relative performance of the remaining models.
In order to determine the predictive efficacy of our models, leave-one-out cross validation (LOOCV) was used to assess model fits when applied to independent data and is commonly used on small datasets with a predictive outcome (Wong 2015) . We estimated the predictive accuracy of the model using a crossvalidation r 2 (Xr 2 , sensu Rennie et al. 2005) :
where y observed is the observed value of post-invasion Secchi depth from the lake excluded from model generation, y predicted is the value of post-invasion Secchi depth predicted from the subset of data from which the observed values were excluded, i is the lake excluded from parameter estimation in the LOOCV iteration and SS T is the total sum of squares estimated as the variance of post-invasion Secchi depth times n-1, where n is the number of observations used to generate the model (Rennie et al. 2005) . Crossvalidation r 2 calculation was based on that of traditional r 2 values (e.g. Sokal and Rohlf 1995) with the exception that we used independent data in the leaveone-out procedure, versus observed values included in the model, to estimate the statistic.
Applications
The water clarity model developed above was then applied to a suite of lakes in the province of Ontario, Canada using lake morphometric information and Secchi depths of uninvaded lakes (or pre-invasion measures of invaded lakes) reported by Lester et al. (2004, ' 'Appendix 2'') in order to estimate Secchi depth following a hypothetical dreissenid invasion. We then extended this model to examine how these predicted Secchi depth values affect (1) thermal structure of lakes and (2) Walleye yield, using models defined in the literature, as described below. These particular variables were chosen because both have published predictive models linking these responses to water clarity and they represent ecologically and limnologically important parameters in freshwater ecosystems that could potentially be affected by dreissenid invasion.
Hypothetical effects of dreissenids on mixing depths in 49 Walleye lakes in Ontario (Lester et al. 2004) were assessed using an empirical model by Fee et al. (1996) that relates the mixing depth to lake area and water clarity.
Estimated mixing depth (z mix ) was determined from percent light transmission per meter (T%) following relationships presented in Fee et al. (1996) , which combine and simplify to:
where A o is lake surface area (m 2 ). T% was estimated as:
where k is the estimated light extinction coefficient . k was estimated from Secchi depth (z sec , m) using the equation (Wetzel 2001) :
This procedure was applied to both the pre-invasion (reported) and post-invasion (estimated) water clarity in order to predict the change in estimated thermocline depth as a result of increased water clarity due to dreissenid establishment.
Effects of predicted post-dreissenid invasion Secchi depth on Walleye yield were investigated using equations presented in Lester et al. (2004) . Lester et al. (2004) estimate Walleye yield via available juvenileadult Walleye habitat based on a number of parameters, including water clarity (''Appendix 3''). Estimates of yield were generated and compared under scenarios with and without dreissenids present to represent the potential impacts of dreissenid-induced water clarity changes on Walleye yield in this suite of Ontario lakes. In predicting post-invasion Walleye yield, we varied the parameters relating to light limitation (z sec , ''Appendix 3''). However, because the model also incorporates mixing (thermocline) depth in defining the habitat used by Walleye, we ran a second set of predictions allowing both water transparency (z sec ) and mixing depth (z T ) to change, where changes in mixing depth as a consequence of changes in water transparency were estimated as described above.
Finally, we evaluated error propagation from the predicted values from our equations through both the mixing depth and Walleye yield models. The parameter estimates (Table 2 ) and variance-covariance matrices from each of the four final water clarity models were used to generate 1000 sets of predicted post-dreissenid Secchi depth using a multivariate normal distribution for each model. Predictions from each model were then averaged using the AIC c weights, and passed through each of the mixing and Walleye models. Predicted changes in Walleye yield due to dreissenid invasion were examined against post-invasion Secchi depth and thermocline depth.
Results
Among all lakes included in our survey (n = 62), Secchi depth was highly variable across systems, ranging from 0.5 to 12.7 m pre-invasion (mean ± SD, 3.0 ± 1.8 m) and 0.3 to 14.8 m (3.6 ± 2.2 m) post-invasion. Secchi depth changes following dreissenid invasion were also highly variable across lakes, ranging from a decrease of 0.85 m in North Lake, WI to an increase of 3.49 m in Lake Ontario, ON. Increases in Secchi depth following dreissenid invasion were found in 79 % of lakes analyzed (Fig. 1) , with a statistically significant mean increase of 0.53 m (95 % CI 0.36, 0.71; t paired = 5.14, df = 61, p \ 0.0001).
For lakes with long term datasets available (n = 42), our results indicate increased water clarity after dreissenid invasion persists up to 20 years postinvasion (Fig. 2) . Variation in z-scores was high but the trend of an overall increase among systems is seen in the post-invasion period, with some annual postinvasion values being[6 SD's above the pre-invasion mean.
Of the 62 lakes with sufficient data, 8 had both zebra and quagga mussels present. Analyzing the difference between these two categories, without constraining lake morphometric variables, demonstrated lakes with both species present showed a higher degree of increase in water clarity than those with only zebra mussels (t = 3.1, df = 7.6, p \ 0.05). Mean absolute change of Secchi depth for lakes where only zebra mussels had invaded was 0.37 ± 0.61 m (mean ± SD, n = 54) compared to an increase of 1.68 ± 1.16 m (n = 8) when both species of dreissenids were present (Fig. 3) .
We performed model selection on lakes with complete observations only; removing lakes without mean depth estimates reduced our total sample size to 53. The 53 North-American lakes included in model development spanned a wide range of size, depth and trophic status (''Appendix 1'').
As there was no single model among the top four rankings with substantial support (Table 2) , these four models were averaged using an AIC c model averaging approach. The model averaged parameter estimate generated by these four models explained 91 % of the variance in post-invasion Secchi depth and the predicted values were very similar to the observed values in those analyzed invaded systems (Fig. 4) . LOOCV model validation produced an Xr 2 value of 0.98, suggesting a good fit of our models against independent data.
To extend our models for the purpose of predicting physical and biological characteristics of lakes that depend on mixing depth, we applied our models to an independent set of 49 Ontario lakes (Table 2 in Lester et al. 2004) . Were dreissenids to invade this set of lakes, we predicted that Secchi depth would increase on average by 0.465 m (95 % CI 0.431, 0.500), similar to our observed effects in the original dataset where dreissenids had in fact invaded the lakes. Applying these predicted changes in water clarity due to a hypothetical dreissenid invasion in this lake set to the mixing depth model (Eqs. 5-7), we predicted consistent increases (deepening) of thermocline depth Notches extend to ± 1.58 IQR/H(n) and effects between the two time periods were considered significant where notches of boxes did not overlap between the two periods (i.e. strong evidence their medians differ). Notches overlap boxes in the last 10 years because few data points exist in that time period Fig. 3 Absolute change in Secchi depth (m) pre-and postdreissenid invasion within 53 North American lakes. ZM, lakes invaded by zebra mussels (n = 45); QM, lakes invaded by quagga mussels (n = 8). Box represents the range of 1st to 3rd quartile, with the median as the solid black line. Whiskers represent 1.5 9 Interquartile Range (where data extend that far), open circles represent data outliers Fig. 4 Observed versus predicted values of post-invasion Secchi depth (m) from cross-validated averaging four models using AIC model averaging (n = 53). Solid line, 1:1 line among all stratified lakes. There was a significant increase in predicted mixing depth following hypothetical dreissenid invasion of 0.33 m (95 % CI 0.30, 0.36; t paired = 20.8, df = 44, p \ 0.0001) which is a 5 % increase on average (relative to pre-invasion conditions) with a maximum predicted increase of 0.5 m in mixing depth due to increased light penetration consistent with the effects of dreissenid invasion (Fig. 5) . Using our error propagation procedure, we found that simulations were equally distributed around model predictions (Fig. 5) . Using 1000 simulations, the mean increase in Secchi depth following hypothetical dreissenid invasion was 0.33 m, with a maximum simulated increase of 0.7 m. Only 1.1 % of all simulated values were less than or equal to zero, indicating that predictions of increased mixing depth following dreissenids were robust in the face of uncertainty derived from our water clarity model.
On average, Walleye yield was estimated to decline by 5 % following a hypothetical increase in water clarity of a magnitude that is consistent with dreissenid invasion (t paired = -2.94, df = 48, p \ 0.01). However, there was a large range of predicted Walleye response to dreissenids from an estimated decrease in yield of -20 % to an increase of 50 %. In general, predicted Walleye yields in lakes with an initial Secchi depth \2 m tended to increase, whereas predicted Walleye yields in lakes with an initial Secchi depth [2 m tended to decrease (Fig. 6a) . There appeared to be a tendency for lakes with shallower mixing depths to have negative predicted impacts on Walleye yield, and positive predicted effects with deeper mixing depths, as revealed by linear regression of the predicted change in yield on mixing depth (F 1,47 = 8.76, p = 0.005, Fig. 6b ). When we allowed mixing depth to deepen in our lakes by the amount predicted in the mixing depth model, the results were the same but changes in predicted Walleye yield were not as great; average yield declined by 3 % on average (t paired = -2.54, df = 48, p \ 0.05) but the trend of change in Walleye yield with predicted post-invasion mixing depth was nearly identical (F 1,47 = 7.83, p = 0.007, Fig. 6b ).
Error propagation from our initial model describing post-dreissenid invasion Secchi depth appeared much wider in the Walleye yield model versus the mixing depth model (Figs. 5, 6 ). As the initial secchi depth increased, the hypothetical response to simulated error around predicted post-invasion Secchi depth became larger (Fig. 6) . Overall, error propagation around predicted Walleye yield following hypothetical dreissenid-induced changes in Secchi depth appeared to be larger when declines were predicted than when increases were predicted and increased in both positive and negative directions as the Secchi depth of lakes was either smaller than 1 m or larger than 3 m (Fig. 6) .
Walleye yield was predicted to decline following hypothetical water clarity increases consistent with dreissenid invasion in 38 lakes where initial Secchi depths ranged from 1.7 to 10.7 m. Among these lakes, the change in Walleye yield based on hypothetical dreissenid invasion was never predicted to be greater than zero in 32 lakes, and increase or be equal to zero \5 % of the time in 36 lakes. In two lakes, 30-40 % of the simulated predictions were equal to or greater than zero.
Walleye yield was predicted to increase following hypothetical water clarity increases consistent with dreissenid invasion in 11 lakes where initial secchi depths ranged from 0.3 to 2.3 m. Among these lakes, the simulated change in Walleye yield based on Fig. 5 Predicted magnitude of change in mixing depth (m) in stratified lakes after a hypothetical dreissenid invasion event associated with lake Secchi depth (m) in Ontarian lakes (n = 44). Black circles are estimates of change in mixing depth using water clarity parameter estimates from models 1-4 and predictions from each were averaged using AICc weights; these model averaged predictions were then applied to the mixing depth model ; see text). Grey squares are simulated predictions generated from 1000 generated values using a multivariate normal distribution, the parameter estimates and the model variance covariance matrix, with AIC c weighting applied to generate a final prediction set for application to the mixing depth model hypothetical dreissenid invasion was never predicted to be less than 0 in 10 lakes, and only 1.1 % of observations were below zero in the remaining lake.
Discussion
Predictive capacity
We were successful in generating models capable of accurately predicting post-dreissenid invasion Secchi depth using limited but readily available ecosystem parameters. We found that model averaging across four GLM models which incorporated pre-invasion Secchi depth, mean lake depth, lake surface area and presence of thermal stratification generated accurate predictions of post-invasion Secchi depth in North American lakes after invasion by dreissenid mussels. Further, we demonstrate the utility of using these basic limnological characteristics to estimate potential changes in water clarity across a broad range of ecosystems in predicting hypothesized changes in mixing depth and Walleye yield in lakes following dreissenid invasion. Such applications should prove useful for investigators and resource managers alike, who wish to forecast potential effects of these invasive species on aquatic ecosystems through their impact on water quality.
In accordance with results from previously published papers and meta-analyses (see Higgins and Vander Zanden 2010) , increases in water clarity were a near ubiquitous feature of dreissenid invaded lakes. The lakes in our dataset range in size, depth and trophic status, and represent a broad range of northtemperate lake types in the Great Lakes basin, many occurring on the Canadian Shield. Despite the reported reduction in dreissenid density (both zebra and quagga mussels) over time due to density dependence (Karatayev et al. 2015) , our results support a meta analysis of long-term monitoring studies (Higgins 2013 ) that demonstrated dreissenid effects on water clarity increases were lasting and showed no signs of diminishing after two decades of dreissenid establishment. This long-term impact highlights the engineering and restructuring effect that dreissenids have on the ecosystem beyond simply density dependence as discussed by Hecky et al. (2004) and Bootsma and Liao (2013) . Black circles are estimates of change in Walleye yield using water clarity parameter estimates from models 1-4 and predictions from each were averaged using AICc weights; these model averaged predictions were then applied to the Walleye yield model (Lester et al. 2004 ; ''Appendix 3''). Grey squares are simulated predictions generated from 1000 generated values using a multivariate normal distribution, the parameter estimates and the model variance covariance matrix, with AIC c weighting applied to generate a final prediction set for application to the Walleye yield model. Panel a vertical dashed line at 2 m indicates optimal Secchi depth for Walleye (Lester et al. 2004 ) and region where increased water clarity changes from net positive to net negative effects on Walleye yield. Panel b solid trendline demonstrates significant relationship between lake mixing depth and predicted change in Walleye yield, dashed line is significant relationship between predicted postinvasion mixing depth (based on equations used in Fig. 5 ) and corresponding predicted change in Walleye yield
Ecosystem responses
We observed a greater increase in water clarity among lakes invaded with both zebra and quagga mussels as opposed to those invaded with zebra mussels alone. While the zebra mussel colonizes in great numbers in the littoral area, quagga mussels tend to be found in deeper, colder water of lakes (Vanderploeg et al. 2002) in addition to the littoral areas. While it is generally difficult to separate the effects of these two species, a review by Karatayev et al. (2015) described that quagga mussels tend to occur in both littoral and profundal habitats of the lake and in larger populations, therefore the total dreissenid filtering capacity in lakes with both species present may be higher than with zebra mussels alone and could have led to a higher water clarity increase in those systems, which our findings reflect (Fig. 3) .
Though zebra mussel densities and subsequent impacts on Secchi depth would be expected to vary spatially in a lake, especially littoral zones (e.g. Higgins and Vander Zanden 2010) , our models are intended to represent effects on pelagic zones. Water quality data included in this exercise were limited to offshore stations, and though littoral areas will inevitably experience greater impacts in the short term due to the presence of dreissenids in the littoral zone, hydrodynamic mixing will incorporate this effect into a pelagic component as well. Other analyses have shown that dreissenid effects on water clarity are greatest near shore, increasing *50-78 % of pre-dreissenid values in the littoral zone, and lesspronounced in the pelagic zone with increases of 31-49 % of pre-dreissenid values (Yu and Culver 2000; Higgins and Vander Zanden 2010) . As such, our models represent a conservative estimate of dreissenid effects on water clarity of lakes; effects on water clarity in littoral zones are expected to be higher.
Dreissenid-induced water clarity responses can differ among lakes depending on the management strategies in place. If dreissenid establishment occurs concurrently with phosphorus loading reductions, which arguably was the case in Lake Erie (Phosphorus Management Strategies Task Force 1980), there may well be a greater increase in water clarity than due solely to the filtering ability of the mussels. However, the majority of lakes used in our model development were small inland lakes with no known phosphorus reduction strategies in place that could be contributing to observed increases in clarity that we attribute to dreissenids (''Appendix 1'').
Optical transparency of natural waters is a function of both particulate and soluble (i.e. color) components though dreissenid effects are predominantly associated with the reduction of particle concentrations (MacIsaac 1996). As described by Higgins and Vander Zanden (2010) , the relationship between dreissenid induced reductions in particle concentration and resulting effects on water clarity is non-linear.We attempted an evaluation of these parameters in our models but too few lakes had TSS or turbidity data to permit a robust analysis. The non-linear response between suspended particles and water clarity may partially explain why some systems do not show a strong water clarity response to dreissenids, and we encourage other investigators to collect and report such information for a more detailed analysis. Further, as dreissenid effects on dissolved organic carbon (DOC) are considered negligible (MacIsaac 1996) , lakes with high DOC or highly variable DOC (e.g. in response to climate change) are likely to either minimize dreissenid effects on water clarity or confound our ability to detect them. However, as our results and models are based on empirical responses among [50 natural systems across a broad geographical region, they likely also represent natural variation in DOC concentration among lakes.
Extensions of dreissenid effects and implications to ecosystems and management
The ability to predict water clarity with reasonable accuracy for lakes invaded, or likely to be invaded, by dreissenid mussels expands our ability to better understand and predict the potential consequences to additional properties of lake ecosystems. For example, coupling our predictive water clarity model to empirical models in the scientific literature, we demonstrated the capacity of changes in dreissenid-induced water clarity of a magnitude and direction capable of significant influences on other ecosystem parameters, including mixing depth and Walleye yield.
Though the predicted changes in mixing depth were estimated to be relatively small (0.33 m on average, a 5 % deepening), changes of this magnitude in lakes can represent a significant volume of water depending on lake size. Variations in mixing depth have considerable influence over a variety of lake properties including: the availability of nutrients in the surface mixed layer (Diehl 2002 ), particle loss rates and the efficiency of nutrient recycling in the surface layer (Fee 1979; Ptacnik et al. 2003) , the vertical distribution of biota in the water column and sediments (Schindler et al. 1996; Kelly et al. 2016) , and the habitat availability for cold water stenotherms (Schindler et al. 1996) . For example, deepening thermoclines may negatively influence the available oxythermal habitat for cold water species like Lake Trout (Plumb and Blanchfield 2009) and Lake Herring (Jacobson et al. 2012) , species which are already at risk of habitat loss due to climate change (sensu Jansen and Hesslein 2004) .
Walleye are an important commercial and recreational fishing species in Canada and the United States. This species has been shown to exhibit movements associated with light transmission and thus are highly susceptible to changes in water clarity (Ryder 1977) which may affect foraging behaviour and reproductive capability. Though Walleye yield was predicted to decline on average across all of our lakes, and predicted to decline in more than 75 % of lakes studied, our study also indicates that water clarity effects on Walleye may be context specific and not always negative. Increases in Walleye yield were predicted in systems with low initial water clarity as they move toward an ''optimum Secchi depth'' which (depending on the bathymetry of the system) is near 2 m (Lester et al. 2004 ). However, in systems where optimal habitat is already constrained by high water clarity, further increases are expected to lead to reductions in yield. Further, our analysis suggests that lakes that can support mixing layers deeper than 14 m (and therefore more optimal thermal habitat for Walleye) may be more likely to demonstrate an increase in yield following dreissenid-induced changes in water clarity. As Walleye are economically significant for both commercial and recreational fisheries (Kinnunen 2003; Fisheries and Oceans Canada 2010) , the predictions of dreissenid impacts to water clarity (e.g. Lake Winnipeg) are highly relevant to fisheries management and provide an 'early warning' of potential changes in the fishery. Empirical monitoring approaches for assessing dreissenid impacts on Walleye could take years before impacts are detected due to long lifespan of the species, natural variation, errors in population estimates and the influence of multiple stressors. Through the application of predictive models, fisheries resource managers may be able to better predict the Walleye fisheries that are most vulnerable to dreissenid-induced changes in order to inform adaptive management frameworks.
In summary, this study provides a predictive model for estimating water clarity in lakes following dreissenid invasion with reasonable accuracy, based on few commonly measured limnological variables and was successfully applied to lakes across a large range in size and trophic status. Because the water clarity of lakes is a state variable influencing a wide range of other ecosystem components, we demonstrate ways in which our water clarity model can be coupled with existing ecosystem models to understand the broader impacts of water clarity changes associated with dreissenids. While we provided examples of such model linkages with empirical models for mixing depth and Walleye habitat, we recognize that dreissenid effects on some ecosystem components (e.g. Walleye yield) are likely to be impacted by additional factors (e.g. changes in food web) and a more complex analysis would require an assessment of these factors. However, our results suggest that the influence of dreissenids on water clarity have the potential for cascading effects on a wide range of ecosystem properties, The water clarity model proposed here provides researchers with an important means of incorporating predictions into other models, and forecasting other effects as a means to understand the wider implications of dreissenid establishment. Z indicates presence of zebra mussels only, B indicates both zebra and quagga mussels. , where z E = mean depth of the epibenthic zone (m) and z T = thermocline depth (m). In mixed lakes, z T = z max or maximum depth. 
